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Available online 4 February 2016The pathophysiology of Parkinson's disease (PD) and of L-DOPA-induced dyskinesia (LID) is associated with
dysfunctional neuronal activity in several nuclei of the basal ganglia. Moreover, high levels of oscillatory activity
and synchronization have also been described in both intra- and inter-basal ganglia nuclei and the cerebral
cortex. However, the relevance of these alterations in the motor symptomatology related to Parkinsonism and
LID is not fully understood. Recently, we have shown that subthalamic neuronal activity correlates with axial ab-
normal movements and that a subthalamic nucleus (STN) lesion partially reduces LID severity as well as the
expression of some striatal molecular modiﬁcations. The aim of the present study was to assess, through
single-unit extracellular recording techniques under urethane anaesthesia, neuronal activity of the substantia
nigra pars reticulata (SNr) and its relationship with LID and STN hyperactivity together with oscillatory and syn-
chronization between these nuclei and the cerebral cortex in 6-OHDA-lesioned and dyskinetic rats.
Twenty-four hours after the last injection of L-DOPA the ﬁring rate and the inhibitory response to an acute
challenge of L-DOPA of SNr neurons from dyskinetic animals were increasedwith respect to those found in intact
and 6-OHDA-lesioned rats. Moreover, there was a signiﬁcant correlation between the mean ﬁring rate of SNr
neurons and the severity of the abnormal movements (limb and orolingual subtypes). There was also a signiﬁ-
cant correlation between the ﬁring activity of SNr and STN neurons recorded from dyskinetic rats. In addition,
low frequency band oscillatory activity and synchronization both within the SNr or STN and with the cerebral
cortex were enhanced in 6-OHDA-lesioned animals and not or slightly affected by chronic treatment with L-
DOPA.
Altogether, these results indicate that neuronal SNr ﬁring activity is relevant in dyskinesia and may be driven by
STN hyperactivity. Conversely, low frequency oscillatory activity and synchronization seem to bemore important
in PD because they are not inﬂuenced by prolonged L-DOPA administration.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Synchronization1. Introduction
Parkinson's disease (PD) is a neurodegenerative disorder character-
ized by the loss of dopaminergic neurons in the substantia nigra
pars compacta (SNc) and the consequent depletion of dopamine (DA)
in the striatum. Pharmacological replacement of DA with its precursor
L-3,4-dihydroxyphenylalanine (L-DOPA) is the gold standard treatment
for PD. However, the long-term administration of L-DOPA induces
potentially disabling abnormal involuntary movements (AIMs),
known as L-DOPA-induced dyskinesia (LID), in the majority of PDect.com).
. This is an open access article underpatients (Ahlskog andMuenter, 2001). Both PD and LID disorder patho-
physiology are associated with a dysfunctional neuronal activity in sev-
eral nuclei of the basal ganglia (BG).
Numerous studies have shown that the neuronal activity is elevated
in the substantia nigra pars reticulata (SNr), the most relevant output
nucleus in rodents, in 6-OHDA-lesioned rats (Burbaud et al., 1995;
Murer et al., 1997; Tseng et al., 2000; Meissner et al., 2006; Lacombe
et al., 2009). This is thought to be the result of a reduction in inhibitory
striatal innervation caused by dopamine loss and increased excitatory
glutamatergic input from the subthalamic nucleus (STN). Hence, there
is STN hyperactivity in PD patients and experimental models of PD
(Bergman et al., 1994; Hassani et al., 1996; Vila et al., 2000; Magill
et al., 2001; Breit et al., 2007; Aristieta et al., 2012). These BG functional
alterations induced by PD are affected by L-DOPA treatment (see Obesothe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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DOPA administration results in an inhibition of the STN caused by the
striatum through the external segment of the globus pallidus
(Bezard et al., 2001). In contrast, the inhibitory input from the stria-
tum to the SNr is increased after L-DOPA administration (Bezard
et al., 2001). Therefore, it has been suggested that the expression of
LID might be associated with a reduced neuronal activity of the BG
output structures (Meissner et al., 2006; Lacombe et al., 2009). In ad-
dition, clinical studies have shown that L-DOPA administration
enhances the synaptic plasticity in the SNr of PD patients (Prescott
et al., 2009) and suggest that simultaneous STN and SNr stimulation
could improve the otherwise resistant freezing of gait (Weiss et al.,
2013).
In PD patients and dopamine-depleted animals, together with
changes in ﬁring activity, there is a prominent enhancement of oscilla-
tion activity and synchronization inside and between BG nuclei and
the cerebral cortex in distinct frequency bands (Brown et al., 2001;
Magill et al., 2001; Brown, 2006 and Meissner et al., 2006). This abnor-
mal oscillatory activity and synchronization have been related to
Parkinsonism motor symptoms. For instance, a causal relationship
between low frequency oscillations in STN and parkinsonian tremor
(Tass et al., 2010), the expression of dyskinesia (Alonso-Frech et al.,
2006) and clinical improvement after L-DOPA intake (Giannicola et al.,
2013) have been shown.
Recently, we have shown that the STN ﬁring rate correlates with the
axial abnormal involuntarymovement score and that STN lesion partial-
ly reduces dyskinesia and striatal molecular changes in 6-OHDA-
lesioned rats rendered dyskinetic by chronic L-DOPA administration
(Aristieta et al., 2012). To further investigate the electrophysiological
changes involved in PD and LID and the role of the STN, the present
study evaluates, through single-unit extracellular recording techniques
under urethane anaesthesia, the SNr activity in 6-OHDA-lesioned and
dyskinetic rats and its relationshipwith LID score and STNhyperactivity.
In addition, neuronal oscillations and synchronization between the
cortex and the SNr or STN were also studied.
2. Materials and methods
2.1. Animals
Sprague–Dawley rats (Harlan), weighing 200–250 g at the begin-
ning of the experiments, were housed in groups of ﬁve in standard
laboratory conditions (22 ± 1 °C, 55 ± 5% of relative humidity, and a
12:12 h light/dark cycle) with ad libitum access to food and water.
Every effort wasmade tominimize animal suffering and to use themin-
imum number of animals per group and experiment. Experimental pro-
cedureswere approved by the Local Ethical Committee of the University
of Basque Country (UPV/EHU), following European (86/609/EEC) and
Spanish (RD 1201/2005) regulations for the care and use of laboratory
animals. Experimental protocols were reviewed and approved by the
Local Committee for Animal Experimentation at the University of the
Basque Country (Leioa, Spain; permit numbers 17-P07-05/2009, 169/
2010 and 185/2011).
2.2. Drugs
The following drugswere used in this study: urethane (1.2 g/kg, i.p.),
6-hydroxydopamine (6-OHDA; 3.5 μg/μl), desipramine hydrochloride
(25 mg/kg i.p.), pargyline (50 mg/kg, i.p.), amphetamine sulphate
(3 mg/kg i.p.), L-DOPA (L-3,4-dihydroxyphenylalanine methyl ester
hydrochloride, 6 mg/kg i.p.) and benserazide-HCL (12 mg/kg i.p), all of
which were obtained from Sigma-Aldrich. Desipramine, pargyline, L-
DOPA, benserazide and amphetamine sulphate were prepared in 0.9%
saline. Uretane was dissolved in Milli-Q water. 6-OHDA was dissolved
inMilli-Qwater containing 0.02% ascorbic acid. All drugswere prepared
on the day of the experiment.2.3. Experimental design
The design and timeline of the experiments are shown in Fig. 1A.
Rats received 6-OHDA or vehicle injections into the medial forebrain
bundle and severity of dopaminergic lesion was screened by rotational
behaviour two weeks after. Afterwards, L-DOPA or saline chronic treat-
ment was administered for three weeks and dyskinetic behaviour was
evaluated periodically. All 6-OHDA-lesioned animals treated with L-
DOPA included in these experiments developed dyskinesia. Electro-
physiological recordings were obtained 24 h after the last dose of the
corresponding treatment (saline or L-DOPA). After STNand SNr baseline
recordings were acquired, rats received an acute challenge with a stan-
dard dose of L-DOPA (6mg/kg plus benserazide 12mg/kg, i.p.) and SNr
cell recordingswere obtained from20 to 120min after drug administra-
tion. After the electrophysiological experiments, histological veriﬁca-
tions were performed. The groups included in this experiment are
referred to as sham saline (n = 9), sham L-DOPA (n = 7), 6-OHDA
saline (n = 7) and 6-OHDA L-DOPA (n = 10).
2.4. 6-OHDA lesion and rotational screening
Thirty minutes before surgery, rats were pre-treated with desipra-
mine to protect noradrenergic terminals from 6-OHDA toxicity and
with pargyline to inhibit monoamine oxidase activity. Rats were deeply
anaesthetized with isoﬂurane (1.5–2%, Esteve), and 6-OHDA or vehicle
was infused (1 μl/min) using a Hamilton syringe. A total of 15.75 μg in
4.5 μl was injected in two sites at the right medial forebrain bundle:
2.5 μl at anteroposterior (AP)−4.4 mm, mediolateral (ML) +1.2 mm,
and dorsoventral (DV) −7.8 mm, relative to bregma and dura with
the toothbar set at−2.4, and 2 μl at AP−4.0 mm, ML + 0.8 mm, and
DV−8 mm, with the toothbar at +3.4 (Paxinos and Watson, 1997).
The turning behaviour was recorded at 2 weeks post-surgery over
90 min after amphetamine sulphate administration as an indicator of
DA denervation. Animals were selected for the study and randomly
assigned to one of the 6-OHDA groups.
2.5. Abnormal involuntary movement rating
AIMs were induced in 6-OHDA-lesioned rats by chronic daily injec-
tions of L-DOPA (6 mg/kg, i.p) in combination with the peripheral
decarboxylase inhibitor benserazide (12 mg/kg, i.p.) over 3 weeks.
AIMs were scored according to our standard protocols (Aristieta et al.,
2012; Miguelez et al., 2011). Once the scores reached a plateau, L-
DOPA dosing was changed to a maintenance (twice a week) schedule.
On the testing days, rats were placed individually in transparent
empty plastic cages for at least 10min prior to drug administration. Fol-
lowing L-DOPA injection, each rat was observed for one full minute
every 20thmin, for a total of 200min. The severity of the three subtypes
of dyskinetic movements (axial, limb and orolingual AIMs) was rated
from 0 to 4, based upon the amount of time in which the abnormal
movement was present during the observation period (i.e., 0, not
present to 4, continuous). In addition, the amplitude of axial, limb and
orolingual AIMs was rated on a scale from 0 to 4. Axial, limb, and
orolingual AIMs were analysed separately from locomotive AIMs. Data
are expressed as the AIM score/session for axial, limb and orolingual,
which is calculated by multiplying the severity score by the amplitude
scores during each monitoring period, with all of these products
summed for each testing sessions (Lindgren et al., 2010).
2.6. Electrophysiological recordings
All electrophysiological procedures are schematically illustrated in
Fig. 1B and D. The electrophysiological properties of SNr and STN
neurons were investigated after at least 3 weeks of saline or L-DOPA
treatment. Rats were anaesthetized with urethane (1.2 g/kg, i.p.) and
placed in a stereotaxic frame with the head secured in a horizontal
Fig. 1. Schematic representation of the experimental design and recording site. (A) At the beginning of the study, animals received a vehicle or 6-OHDA injection into the right medial
forebrain bundle and were screened by amphetamine-induced rotations 2 weeks later. Rats were treated daily with saline or L-DOPA injections (6 mg/kg plus 12 mg/kg benserazide)
for 21 days. AIMs were rated 2–3 days per week (testing sessions are marked in black). After chronic treatment was completed, L-DOPA was administered twice per week, and
electrophysiological experiments in the SNr and STN nucleus were performed. All animals were perfused transcardially and processed for histology. (B and D) Schematic parasagittal
sections of a rat brain showing the cortex and the BG nuclei (SNr, substantia nigra pars reticulata; STN, subthalamic nucleus). Glass electrodes were placed in the SNr (B) or the STN
(D) for recording single-unit extracellular activity and LFP. For recording the ECoG, a steel screw was implanted in the somatic sensory-motor cortex. (C and E) Histological veriﬁcation
of the recording site in the SNr (C) and the STN (E), stained with neutral red. Scale bar: 500 μm. A single spike from SNr (C) and STN (E) neurons recorded in vivo.
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for the entire duration of the experiment by means of a heating pad
connected to a rectal probe. The recording electrode, which consisted
of an Omegadot single glass micropipette with a tip diameter of 1–
2.5 μm (approximately 5–6 MΩ) and ﬁlled with a 2% solution of
Pontamine Sky Blue in 0.5% sodium acetate, was stereotaxically guided
to the following coordinates (relative to bregma and dura) ipsilateral to
the 6-OHDA injection: for the SNr AP: −5.3 mm, ML:−2.5 mm, DV:
−7.5 to −8.5 mm; for the STN: AP −3.6 to −3.8 mm, ML −2.2 to
−2.7mm and DV−7 to−8mm; (Paxinos andWatson, 1997). The ex-
tracellular signal from the electrode was ampliﬁed with a high-input
impedance ampliﬁer and then monitored on an oscilloscope and on an
audio monitor. All recorded SNr neurons displayed smooth, sharp,
biphasic action potentials with an average duration of 0.5–1.2ms, as de-
scribed by Waszczak et al. (1980)and Loscher et al. (1995) (Fig. 1C).
Recorded STN neurons exhibited a biphasic waveform and a pulse
width of 1.0 to 1.5 ms as described by Hollerman and Grace (1992)
(Fig. 1E). Neuronal spikes were digitized using computer software
(CED micro 1401 interface and Spike2 software, Cambridge Electronic
Design). The basal ﬁring activity was recorded for 5–10 min. At the
end of the experiments, a 5-μA cathodal current was passed through
the recording electrode, thus depositing a discrete spot of Pontamine
Sky Blue to mark the recording site (Fig. 1C and E).
The electrocorticogram (ECoG) was recorded via a 1-mm-diameter
steel screw juxtaposed to the dura above the right frontal somatic
sensory-motor cortex (AP: +4.5 mm and ML: −2 mm to bregma
(Paxinos and Watson, 1997)), as described by Mallet et al. (2008). The
signal was pre-ampliﬁed (10×), ampliﬁed (200×) and bandpass
ﬁltered (0.1–1000 Hz) in an ampliﬁer (Cibertec S.A., model ampliﬁer
63 AC). The discriminated ECoG activity (sampled at 2500 Hz) was dig-
itized, stored and analysed using computer software (CED micro 1401
interface and Spike2 software, Cambrigde Electronic Design, UK).
The local ﬁeld potential (LFP) was recorded in the SNr and the STN
(coordinates described above) through the same glass electrodes that
were used for single-unit extracellular recordings. The signal was pre-
ampliﬁed (10×) and then ampliﬁed (10×) in a high-input impedance
ampliﬁer (Cibertec S.A., model ampliﬁer AE-2) where the signal was
also bandpass ﬁltered (0.1–5000 Hz). This signal was divided into two
different signals in a second ampliﬁer (Cibertec S.A., model ampliﬁer
63 AC), namely the single-unit extracellular signal and the LFP signal.In this second ampliﬁer, the LFP signal was ampliﬁed (10×) and
bandpass ﬁltered (0.1–100 Hz). Therefore, single-unit extracellular sig-
nals and LFP were recorded at the same time. The discriminated LFP ac-
tivity (sampled at 2500 Hz) was digitized, stored and analysed using
computer software (CED micro 1401 interface and Spike2 software,
Cambridge Electronic Design, UK).2.7. Histological procedures
Immediately after the electrophysiological procedure, animals
were deeply anaesthetized and transcardially perfused with saline
followed by 4% ice-cold paraformaldehyde, prepared in 0.1 M phos-
phate buffer. Brains were removed and transferred to a 25% sucrose
solution until they sank. The brains were serially cut in coronal 40-
μm sections using a freezing microtome (HM 430, Microm), and
slices were conserved in a cryoprotective solution at −20 °C until
further processing.
Tyrosine hydroxylase (TH)-immunostaining was used to examine
the degree of DA denervation in the striatum and the SNc. Brieﬂy,
after endogenous peroxidase inactivation, sections were blocked with
5% normal goat serum and incubated with rabbit anti-TH (AB 152,
1:1000, Chemicon) primary antibody for 36 h at 4 °C. The sections
were then incubated for 2 h with a biotinylated goat antibody
against rabbit IgG (BA 1000, 1:200, Vector Laboratories). Thereafter,
sections were incubated with an avidin–biotin–peroxidase complex
(ABC kit, PK-6100, Vector Laboratories), and peroxidase activity was vi-
sualized with 0.05% 3,3′-diaminobenzidine (Sigma) and 0.03% hydro-
gen peroxide. Finally, sections were mounted onto gelatin-coated
slides, dehydrated, cleared with xylene and cover-slipped. For the anal-
ysis, three striatal sections for each animal (rostral, medial, and caudal
levels) were optically digitized and the mean optical density (OD) asso-
ciated with the striatum was calculated using NIH-produced image
analysis software [ImageJ (http://rsb.info.nih.gov/nih.image/default.
html)]. The ODwas expressed as a percentage of that of the contralater-
al intact side (100%) with the background associated with the cortex
being set as 0%.
For the location of the recording site, brain sections containing the
STN or the SNr were mounted on gelatinized glass slides, stained with
1% neutral red, washed, dehydrated, cleared with xylene and cover-
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the study.2.8. Data analysis
The ﬁring parameters of SrN and STNneuronswere analysed off-line
using the Spike2 software. The following parameters were calculated:
ﬁring rate and coefﬁcient of variation, which is a measure of ﬁring
regularity and is deﬁned as the percentage ratio of the standard devia-
tion to the mean interval histogram. According to the method of
Kaneoke and Vitek (1996) and based on the concept of density distribu-
tion and on a statistically rigorous deﬁnition of the ﬁring pattern, three
different ﬁring patterns could be analysed (using the NeuronFit
programme from NorayBio Informatics): (1) a tonic ﬁring pattern char-
acterized by a symmetrical density distribution histogram, (2) a random
ﬁring pattern characterized by a Poisson distribution and (3) a bursting
ﬁring pattern characterized by a distribution histogram that is signiﬁ-
cantly different (p b 0.05) from a Poisson distribution, presenting a
signiﬁcantly positive skew (p b 0.05) of the density distribution histo-
gram and aminimum of four spikes per burst. The analysed spike trains
lasted more than 120 s and contained at least 300 spikes.
Spike train activity, LFPs and ECoGs were analysed off-line by Spike2
software. For this purpose, LFP and ECoG signals (sampled at 2500 Hz)
were smoothed to 1 ms. Additionally, SNr and STN action potentials
were converted to series of events (sampled at 2500 Hz). These series
of events were then transformed to a continuous waveform (1-ms
smoothing period) (Levy et al., 2000; Galati et al., 2009, 2010), using a
custom-made Spike2 software script. Next, cells were classiﬁed as
oscillatory when the spike waveform autocorrelogram contained a sec-
ond oscillation peak that was at least twice the magnitude of the ran-
dom ﬂuctuation (Degos et al., 2005). The power spectra of smoothed
LFPs, ECoGs and STN and SNr spike waveforms were also analysed
using the fast Fourier transform (8192 blocks size) in the 0–5 Hz
range from 90-s epochs of data. Coherence analyses between SNr
spike waveforms and LFPs; SNr spike waveforms and ECoGs; SNr
spike waveforms and LFPs; and STN spike waveforms and ECoGs were
performed using the fast Fourier transform function of Spike2 software
(8192 block size). The mean coherence was calculated for the 0–5 Hz
range from 90-s epochs of data. The signiﬁcance of the coherence was
determined by the equation described by Rosenberg et al. (1989):
1− (1− α)1 / (L − 1), where α is 0.95 and L is the number of windows
used. The area under the curve (AUC) of coherence and power spectrum
curveswere calculated in the 0 to 5 Hz frequency range, in all groups. To
study the phase relationship between ECoGs/SNr spikes; LFPs/SNr
spikes; ECoGs/STN spikes; and LFPs/STN spikes, spike-triggered wave-
form averages (STWAs) were performed from smoothed ECoG or LFP
recordings and SNr or STN spikes from 90-s epochs of data. The ampli-
tudes of the peak to trough values at or around zero time were
compared in the different groups of rats. Spikes occurring in the peak
and trough were considered to be at 0° and 180° phase, respectively
(Parr-Brownlie et al., 2007).Table 1
Basal electrophysiological properties of SNr and STN neurons recorded 24 h after the last L-DOP
the standard discharge patterns of SNr and STN neurons.*p b 0.05, **p b 0.01 and ***p b 0.001
(Bonferroni's post-hoc test), #p b 0.05 and ##p b 0.001 vs. sham saline and sham L-DOPA (Fish
Groups SNr
Firing rate (Hz) Coefﬁcient of variation (%) Firing pattern
Tonic Random Bu
Sham saline 21.2 ± 1.2 35.2 ± 2.2 89.9 1.4 8
Sham L-DOPA 22.3 ± 1.2 41.3 ± 3.9 90 4 6
6-OHDA saline 22.6 ± 1.4 50.1 ± 3.5$ 54.3## 2.2 43
6-OHDA L-DOPA 27.7 ± 1.0* 50.8 ± 6.1$ 56.1## 2.4 412.9. Statistical analysis of data
Experimental data were analysed using the computer programme
GraphPad Prism (v. 5.01, GraphPad Software, Inc). TH OD in the stria-
tum was analysed using paired Student's t test (lesioned versus un-
lesioned side). The electrophysiological data were analysed by two-
way analysis of variance ANOVA (lesion × treatment) followed by post
hoc comparisons using the Bonferroni post hoc test. The effect of the
acute L-DOPA challenge on the synchronization and oscillatory activity
was analysed using unpaired Student's t test (before versus after L-
DOPA). The ﬁring pattern of STN and SNr neurons was analysed using
Fisher's exact test. Simple linear regression analyseswere used to assess
correlations between different data. The level of statistical signiﬁcance
was set at p b 0.05. Data are presented as the group mean ± standard
error of themean (S.E.M.). Detailed information regarding statistical re-
sults is shown in the supplementary table (Table S).
3. Results
3.1. Development of L-DOPA-induced abnormal involuntary movements
In agreement with previous publications (Cenci et al., 1998;
Miguelez et al., 2011; Aristieta et al., 2012; Azkona et al., 2014), chronic
L-DOPA administration (6 mg/kg plus benserazide 12 mg/kg, i.p.)
resulted in a rapid induction of dyskinesia in 6-OHDA-lesioned rats.
During the ﬁrst week of treatment, axial, limb and orolingual AIM sever-
ity increased before reaching a plateau by the second week (Fig. S1A).
We did not observe any AIMs in the control groups, including sham an-
imals treated with saline or L-DOPA and 6-OHDA-lesioned rats treated
with saline. The evaluation of the time course of the AIMs after a single
injection of L-DOPA showed the expected proﬁle with the ﬁrst signs
appearing 10–20 min after the drug injection, reaching a peak between
40 and 80 min and subsiding by 180–200 min (Fig. S1B).
The extent of the nigral lesion and striatal DA denervation was
conﬁrmed later by TH immunohistochemistry. All animals with the 6-
OHDA lesion included in the study showed N95% reduction in TH-ﬁbre
density in the striatum on the side ipsilateral to the lesion (Fig. S1C).
3.2. Increased ﬁring rate in substantia nigra pars reticulata neurons from L-
DOPA-induced dyskinetic rats
A total of 242 GABAergic neurons were recorded in the SNr: 68 neu-
rons from the sham saline group (n= 9 animals), 49 neurons from the
sham L-DOPA group (n= 7 animals), 46 neurons from the 6-OHDA sa-
line group (n = 7 animals) and 79 neurons from the 6-OHDA L-DOPA
group (n = 10 animals), 24 h after the last saline or L-DOPA injection
(baseline). All cells recorded displayed the characteristic ﬁring patterns
of GABAergic neurons, narrow spike waveform, and were localized
within the SNr. However, the ﬁring parameters statistically varied
among groups (Table S). Thus, we found that the ﬁring rate from the
6-OHDA L-DOPA group was signiﬁcant higher when compared to the
rest of the groups (p b 0.001) (Table 1 and Fig. 2A). The coefﬁcient ofA administration. The ﬁring pattern is presented as percentage of neuronswhich represent
vs. sham saline and sham L-DOPA (Bonferroni's post-hoc test), $p b 0.05 vs. sham saline
er's exact test for ﬁring pattern).
STN
Firing rate (Hz) Coefﬁcient of Variation (%) Firing pattern
rsting Tonic Random Bursting
.7 6.6 ± 0.4 74.6 ± 3.4 53.7 13.4 32.9
6.9 ± 0.6 75.5 ± 3.3 63.9 9.7 26.4
.5## 11.0 ± 1.0*** 102. ± 6.0** 38.0# 9.9 52.1#
.5## 12.0 ± 0.9*** 121.7 ± 6.9*** 41.9# 6.9 51.2#
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increased in both 6-OHDA-lesioned groups when compared to sham
animals (p b 0.001 (Table 1) (Fig. 2B and C).
After recording basal activity, 157 neurons were also recorded
20–120min after an acute challenge of L-DOPA (this time period corre-
sponds to intense dyskinetic behaviour): 37 neurons from the sham
saline group, 32 neurons from the sham L-DOPA group, 40 neurons
from the 6-OHDA saline group and 48 neurons from the 6-OHDA L-
DOPA group. As shown in Fig. 2 (A, B and C), the acute challenge of L-
DOPA only produced an effect on the L-DOPA-treated groups. Thus,
the increased ﬁring rate and bursting pattern and the decreased tonic
discharge observed in the 6-OHDA L-DOPA group were partially
reversed (p b 0.001 and p b 0.01, respectively, unpaired t test and
p b 0.05, Fisher's exact test), while the coefﬁcient of variation was
found to be statistically higher after the acute challenge of L-DOPA
(p b 0.05 unpaired t test) (Fig. 2 A, B and C). SNr neurons from the
sham L-DOPA group showed an increase in the number of bursting neu-
rons (p b 0.05, Fisher's exact test) and a reduction by 14% in the number
of tonic neurons (p b 0.05, Fisher's exact test; Fig. 2C).
When the behavioural and electrophysiological parameters of dyski-
netic rats were analysed together, there was a positive and statistically
signiﬁcant correlation between the basal ﬁring rate of SNr neurons,
which was recorded 24 h after the last injection of L-DOPA, and the
limb AIM score or the orolingual AIM score that was obtained in the
last testing session (day 21; Fig. 2D and E). These correlations were noFig. 2. Electrophysiological characterization of the substantia nigra pars reticulata, regressio
regression analysis between STN neuron and SNr neuron electrophysiological parameters rec
(white bars) was signiﬁcantly higher in the 6-OHDA L-DOPA group. The acute challenge of L-
the ﬁring rate in the 6-OHDA L-DOPA group. (B) Coefﬁcient of variation (%). Baseline activity
of L-DOPA plus benserazide produced a signiﬁcant increase in the 6-OHDA L-DOPA group. (C)
pattern (white bars) was signiﬁcantly increased in 6-OHDA-lesioned groups. After the acute c
6-OHDA L-DOPA group and increased in the sham L-DOPA group. (D) Pearson r value for the
after the last L-DOPA injection. (E) Pearson r value for the correlation between the oroling
injection. (F) Pearson r value for the correlation between the ﬁring rate of STN neurons and SN
are expressed as the mean ± S.E.M. *p b 0.05 versus sham saline and sham L-DOPA (Bonferr
saline and sham L-DOPA (Fisher's exact test for ﬁring pattern). §p b 0.05 versus its baseline (Filonger present after the acute L-DOPA plus benserazide challenge
(data not shown).3.3. Correlation between subthalamic nucleus and substantia nigra pars
reticulata neuron activity parameters in dyskinetic rats
To assess the relationship between the STN and the SNr ﬁring param-
eters, STN-glutamatergic neurons were recorded before performing SNr
recording in the same rats from the four experimental groups: 81neurons
from the sham saline group, 69 neurons from the sham L-DOPA group, 67
neurons from the 6-OHDA saline group and 76 neurons from the 6-OHDA
L-DOPA group. Similar to our previous study (Aristieta et al., 2012), we
found statistically signiﬁcant differences between the sham and 6-
OHDA-lesioned groups in the basal electrophysiological parameters
(Table S), which is consistent with hyperactive STN features that are typ-
ical of DA denervated states. The results are summarized in Table 1.
Next, we analysed the relationship between STN and SNr ﬁring
parameter mean values (ﬁring rate and coefﬁcient of variation) that
were obtained in the same rats. We found that there was a signiﬁcant
correlation between the mean ﬁring rates of STN and SNr neurons,
which were recorded 24 h after the last injection of L-DOPA, in the 6-
OHDA L-DOPA group (dyskinetic rats) (Fig. 2 F); however, there was
no correlation for the coefﬁcient of variation and the parameters that
were obtained from the rest of the groups (data not shown).n analysis between scored AIMs and SNr neuron electrophysiological parameters, and
orded in the same rat. (A) Firing rate (Hz) of SNr GABAergic neurons. Baseline ﬁring rate
DOPA (6 mg/kg, i.p.) plus benserazide (12 mg/kg i.p.) (grey bars) induced a reduction of
(white bars) was signiﬁcantly increased in 6-OHDA-lesioned groups. The acute challenge
Firing pattern of SNr cells expressed as a percentage of neurons. Baseline bursting ﬁring
hallenge of L-DOPA plus benserazide, the number of bursting neurons was reduced in the
correlation between the limb AIM score and the ﬁring rate of SNr neurons recorded 24 h
ual AIM score and the ﬁring rate of SNr neurons recorded 24 h after the last L-DOPA
r neurons recorded 24 h after the last L-DOPA injection in the same dyskinetic rats. Data
oni's post hoc test). &p b 0.01 versus its baseline (unpaired t test). #p b 0.05 versus sham
sher's exact test for ﬁring pattern). @p b 0.05, @@p b 0.01 (Pearson r value).
93A. Aristieta et al. / Neurobiology of Disease 89 (2016) 88–1003.4. Similar low frequency oscillatory activity and synchronization in the
substantia nigra pars reticulata and the cortex in dyskinetic and 6-OHDA-
lesioned rats
In the four experimental groups (sham saline, sham L-DOPA, 6-
OHDA saline and 6-OHDA L-DOPA), the neurons that exhibited a non-
bursting ﬁring pattern did not present any type of synchronization,
with the simultaneously recorded SNr-LFPs and ECoGs (Fig. 3A left)
and the spike wave autocorrelogram showed no oscillatory activity
(Fig. 3B left, left). In contrast, most bursting SNr neurons showed low
frequency oscillatory activity coupled to the simultaneously recorded
SNr-LFPs and ECoGs (Fig. 3A right), which has been described by
Belluscio et al., 2003; Walters et al., 2007; Galati et al., 2010). The SNr
spikes inside the bursts were correlated with the troughs of SNr-LFPs
and with the peaks of ECoGs (Fig. 3A right) and the spike wave
autocorrelogram showed oscillatory activity (Fig. 3B left, right). The
proportion of neurons that showed low frequency oscillatory activity
was statistically signiﬁcantly higher in the lesioned groups when
compared to the sham groups (p b 0.01), while no effect of L-DOPA
treatment was observed (Fig. 3B right). Nevertheless, as has been
previously described for the bursting pattern, the acute L-DOPA plus
benserazide challenge only produced a signiﬁcant effect in the L-
DOPA-treated groups. Thus, the proportion of low frequency oscillatory
cells in the sham L-DOPA groupwas increased (from 8% to 27%; p b 0.02Fig. 3. Effect of 6-OHDA lesion and L-DOPA treatment on the oscillatory activity of the SNr and th
neuron that exhibited a regular ﬁring pattern, the most common neuron ﬁring pattern in the sh
SNr-LFP and ECoG from a neuron that exhibited a bursting ﬁring pattern, themost representativ
autocorrelograms showing the pattern of a non-oscillatory SNr neuron (left) and the pattern of a
as the percentage of neurons. The oscillatory activity of SNr neuronswas signiﬁcantly higher in t
exact test). (C) ECoG (left), and SNr-LFP (right) power spectrum analysis, in the 0–5 Hz freque
Area under the curve values obtained from power spectrum curves were used to analyse the p
Data are expressed as the mean ± S.E.M.Fisher's exact test), while in the 6-OHDA L-DOPA group, it was
decreased (from 43% to 25%; p b 0.02 Fisher's exact test).
Analysis of the power spectra in the 0–5Hz range for the ECoG or the
SNr-LFP showed a peak with a mean frequency of 0.5–1.5 Hz and AUC
values that did not vary among the four experimental groups (Fig. 3C,
and Tables 2 and S); however, the acute challenge of L-DOPA signiﬁcant-
ly increased the AUC value of the ECoG power spectrum curves in the
sham saline (p b 0.5 unpaired t test), sham L-DOPA (p b 0.0001 unpaired
t test) and 6-OHDA L-DOPA (p b 0.0001 unpaired t test) groups, and also
the AUC values of SNr-LFP power spectrum curves in the sham L-DOPA
and 6-OHDA L-DOPA (p b 0.001 unpaired t test) groups (Table 2).
Coherence analysis between simultaneously recorded SNr spike
trains (transformed to continuous waveforms) and ECoGs showed
that the coherence peaks appeared in a similar frequency value
(approximately 1 Hz) without differences in the peak magnitude
among the experimental groups (Table S and Fig. 4A). Nevertheless,
the AUC values thatwere obtained from the coherence curves were sig-
niﬁcantly higher in the 6-OHDA-lesioned rats and were not affected by
L-DOPA treatment (Fig. 4 A, Tables S and 2). As shown in Fig. 4C, the
analysis of STWAs revealed that SNr neurons tended to discharge near
the peak of the ECoG recordings in all groups. The peak to trough ampli-
tude of ECoG/SNr spike STWAswas signiﬁcantly greater in the 6-OHDA-
lesioned rats than in sham rats, and it was not affected by L-DOPA treat-
ment (Tables S and 3).e cortex. (A) On the left, a recording track containing SNr spikes, SNr-LFP and ECoG from a
am saline and sham L-DOPA groups. On the right, a recording track containing SNr spikes,
e neuron ﬁring pattern in the 6-OHDA saline and 6-OHDA L-DOPA groups. (B) On the left,
n oscillatory SNr neuron (right). On the right, oscillatory pattern of SNr neurons expressed
he 6-OHDA-lesioned groups (p b 0.001 for both groups vs their respective controls, Fisher's
ncy range, in the sham saline, sham L-DOPA, 6-OHDA saline and 6-OHDA L-DOPA groups.
ower spectrum of the ECoG (upper left) and SNr-LFP (upper right) in the different groups.
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94 A. Aristieta et al. / Neurobiology of Disease 89 (2016) 88–100In addition, the coherence analysis of simultaneously recorded SNr
spike trains (transformed to continuous waveforms) and SNr-LFPs
also showed that the coherence peak values appeared near 1 Hz, in all
groups (Fig. 4B). The AUC values of the coherence curves were signiﬁ-
cantly higher in 6-OHDA-lesioned groups than in the sham groups
(Table S and Fig. 4B). The acute challenge of L-DOPA only changed the
AUC of the coherence between SNr and SNr-LFP in sham L-DOPA rats
(p b 0.01 unpaired t test). As shown in Fig. 4C, SNr neurons tended to
discharge near the trough of the SNr-LFP recordings in all groups. The
peak to trough amplitude of SNr-LFP/SNr spike STWAswas signiﬁcantly
greater in 6-OHDA-lesioned groups than in sham groups, and it was not
affected by L-DOPA treatment (Tables S and 3).
3.5. Similar low frequency oscillatory activity and synchronization in the
subthalamic nucleus and the cortex in dyskinetic and 6-OHDA-lesioned rats
As previously described (Magill et al., 2000; Parr-Brownlie et al.,
2007; Walters et al., 2007), and similarly to what we observed in the
SNr, in the four experimental groups (sham saline, sham L-DOPA, 6-
OHDA saline and 6-OHDA L-DOPA), the neurons exhibiting a non-
bursting ﬁring pattern did not present any type of synchronization
(Fig. 5A left), and the spike wave autocorrelogram showed no oscillato-
ry activity (Fig. 5B left, left). In contrast, most bursting STN neurons
showed low frequency oscillatory activity (Fig. 5A) coupled to the si-
multaneously recorded STN-LFPs and ECoGs. The STN spikes were cor-
related with the troughs of STN-LFPs and with the peaks of ECoGs
(Fig. 5A, right) and the spike wave autocorrelogram showed oscillatory
activity (Fig. 5B left, right). Similarly towhat happenedwith busting ac-
tivity, the 6-OHDA lesion signiﬁcantly increased the proportion of low
frequency oscillatory cells (p b 0.01 Fisher's exact test), while L-DOPA
treatment did not produce any modiﬁcation (Fig. 5B right).
Analysis of the power spectra in the 0–5Hz range for the ECoG or the
STN-LFP showed a peak with a mean frequency of 0.5–1.5 Hz. As de-
scribed above the AUC values of ECoG power spectra were similar in
the experimental groups (Fig. 5C and Table S). Nevertheless, the analy-
sis of STN-LFP power spectrum curves showed that the 6-OHDA lesion
signiﬁcantly increased the AUC values (Table S), while L-DOPA treat-
ment did not produce any change (Fig. 5C, Table S).
Coherence analysis between simultaneously recorded STN spike
trains (transformed to continuous waveforms) and ECoGs or STN-LFP,
in the 0 to 5 Hz frequency range, showed that the coherence peaks ap-
peared in a similar frequency value (approximately 1 Hz) without sig-
niﬁcant differences in the peak magnitude (Fig. 6A and B); however,
the AUC data obtained from the coherence curves were signiﬁcantly in-
creased in 6-OHDA-lesioned groups compared to non-lesioned groups
(Table S), and this was not modiﬁed by L-DOPA treatment (Fig. 6A
and B).
The STWAs analyses revealed that STN neurons tended to discharge
near the peak of the ECoG recordings in all groups (Fig. 6C). The peak to
trough amplitude of ECoG/STN spike STWAs did not show signiﬁcant
differences among groups (Table S). In contrast, STN neurons tended
to discharge near the trough of the STN-LFP recordings in all groups
(Fig. 6D). The analysis of the peak to trough amplitude of STN-LFP/STN
spike STWAs revealed that 6-OHDA lesions increased this amplitude
(Table S), while L-DOPA treatment did not induce any modiﬁcation.
4. Discussion
This paper shows, in a well-characterized hemiparkinsonian (6-
OHDA lesioned rats) and dyskinetic rat (6-OHDA lesioned rats chroni-
cally treated with L-DOPA) model (Cenci et al., 1998; Winkler et al.,
2002), that 24 h after L-DOPA treatment there was a hyperactivity of
the SNr neurons that correlates with the dyskinesia score and STN hy-
peractivity. In addition, our results reveal that SNr and STN neurons re-
corded from6-OHDA lesioned rats, 24 h after L-DOPA treatment, show a
degree of low frequency oscillation activity and synchronization, within
Fig. 4. Effect of 6-OHDA lesion and L-DOPA treatment on the SNr spike trains, SNr-LFP and cortex. (A) Coherence power between the ECoG and SNr spikes (converted into a continuous
waveform) simultaneously recorded in the sham saline, sham L-DOPA, 6-OHDA saline and 6-OHDA L-DOPA groups, before (off L-DOPA, left) and after L-DOPA (on L-DOPA, right)
administration, in the 0–5 Hz frequency range. Area under the curve values obtained from coherence curves were used to analyse the ECoG/SNr spike coherence in the 0–5 Hz
frequency range. In baseline conditions (off L-DOPA), the coherence between the ECoG and SNr spikes was increased in the 6-OHDA saline and 6-OHA L-DOPA groups compared to the
sham saline and sham L-DOPA groups, respectively (upper left). After the acute challenge with L-DOPA (6 mg/kg, i.p.) plus benserazide (12 mg/kg i.p.), there was no difference among
the groups (upper right). (B) Coherence power between the SNr-LFP and SNr spikes (converted into a continuous waveform) simultaneously recorded in the different experimental
groups, before (off L-DOPA, left) and after L-DOPA (on L-DOPA, right) administration in the 0–5 Hz frequency range. Area under the curve values obtained from coherence curves were
used to analyse the SNr-LFP/SNr spike coherence in the 0–5 Hz frequency range. In the baseline condition (off L-DOPA), the coherence between the SNr-LFP and SNr spikes was
augmented in the 6-OHDA L-DOPA group compared to its control group (upper left), while after the acute challenge of L-DOPA plus benserazide, there was no difference among the
groups (upper right). (C) Spike triggered waveform averages (STWAs) illustrating the relationship between the ECoG and SNr spikes (left), and the SNr-LFP and SNr spikes (right),
which were simultaneously recorded in the sham saline, sham L-DOPA, 6-OHDA saline and 6-OHDA L-DOPA groups. The analysis of STWAs was made by measuring the peak to
trough amplitudes in the different groups of rats. The peak to trough amplitude values of ECoG/SNr spike STWAs were signiﬁcantly higher in the 6-OHDA-lesioned groups compared
to their control groups (upper left), while in SNr-LFP/SNr spike STWAs, only the dyskinetic rats showed an increased peak to trough amplitude value compared to the sham L-DOPA
group. Data are expressed as the mean ± S.E.M. In (A) and (B), the horizontal dashed line indicates p= 0.05. **p b 0.01, ***p b 0.001 versus sham L-DOPA (Bonferroni's post hoc test).
#p b 0.05, ##p b 0.01 versus sham saline (Bonferroni's post hoc test).
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96 A. Aristieta et al. / Neurobiology of Disease 89 (2016) 88–100the nucleus and with the cortex, almost similar to that found in 6-
OHDA-lesioned rats. Altogether, these results indicate that the ﬁring
activity of SNr neurons is relevant in dyskinesia and may be related to
STN hyperactivity. Low frequency oscillatory activity and synchroniza-
tion seem to be more important in parkinsonism because these are
slightly inﬂuenced by acute and prolonged L-DOPA administration.
4.1. SNr activity and abnormal involuntary movements
In agreement with other studies (Murer et al., 1997; Tseng et al.,
2000; Meissner et al., 2006), the present results show that the
nigrostriatal lesion did not modify the ﬁring rate of SNr neurons
but changed it to become more bursting and less regular, which ﬁts
with a hyperactive neuronal discharge pattern (Chergui et al., 1996;
Florin-Lechner et al., 1996). These results are on line with the increased
gene expression of the cytochrome oxidase subunit, a metabolic marker
of neuronal activity (Lacombe et al., 2009). After prolonged L-DOPA
treatment, SNr neurons fromdyskinetic ratsmaintained a pattern of hy-
peractivity, but they had also an enhanced ﬁring rate, as shown by
Meissner et al. (2006). Thus, in agreement with the concept that LIDs
are associated with hypoactivity of the BG output nuclei and similarly
to what has been described in the enteropeduncular nucleus (the
other BG output nucleus) by Jin et al. (2016), we found that 20–
120 min after an acute challenge of L-DOPA (the time period of intense
dyskinetic behaviour), there was a reduction of the ﬁring rate and the
number of bursting neurons in the SNr. As we used the same L-DOPA
dose for behavioural and recording assays in anaesthetized rats, the ef-
fect observed on neuronal activity was lessmarked than on behavioural
scores because the effect of DA agonists on neuron activity is reduced by
general anaesthesia (Bergstrom et al., 1984; Ruskin et al., 1999). More-
over, the effect we observed was smaller than that described by others
in rats or monkeys, but the dose we used was also lower (Meissner
et al., 2006; Gilmour et al., 2011). Nevertheless, the effect that was in-
duced by the acute L-DOPA challenge on dyskinetic rats may be
interpreted as a reduction of SNr neuronal activity that was probably
due to an increment of GABA release from the striatalnigral pathway.
This could be a consequence of the effect of L-DOPA onD1dopamine re-
ceptors that are located on theGABAergicmedium size spiny neurons of
the striatonigral pathway. In fact, an enhanced sensitivity of D1 dopa-
mine receptors has been described in dyskinetic rodents (Feyder et al.,
2011; Murer and Moratalla, 2011). Furthermore, striatal D1 dopamine
receptor signalling is excessively activated in the same model of LID
after a similar protocol of L-DOPA acute administration (Azkona et al.,
2014). It has also been shown that acute L-DOPA administration induces
enhanced GABA release in the SNr of 6-OHDA-lesioned rats that were
sub-chronically treated with L-DOPA (Yamamoto et al., 2006). As the
SNr is also directly connected to the STN, it might be argued that the
striatopallidal pathway could also be implicated in the effect of L-
DOPA on the SNr. Nevertheless, our previous results have shown that
the same protocol of L-DOPA administration to dyskinetic rats does
not modify STN neuron activity (Aristieta et al., 2012).
Dyskinetic behaviour is directly related to STN and SNr activity. Thus
there is a signiﬁcant correlation between axial score and the baseline-
ﬁring rate of STN neurons (Aristieta et al., 2012). And here it is shown
that the baseline ﬁring rate of SNr neurons correlated with limb AIM
score and the orolingual AIM score in dyskinetic animals. This correla-
tion agrees with the fact that the SNr is involved in circuits that are as-
sociated with orofacial movements in rats and monkeys (DeLong et al.,
1983; Deniau et al., 1996). Similarly to what we previously observed in
the STN, the correlation between SNr neuronal activity and the AIM
score was present for values that were recorded at 24 h but not at 20–
120 min after L-DOPA administration, which corresponds with the
peak of LID. This suggests that 6-OHDA lesion and posterior prolonged
L-DOPA treatment induce adaptative changes in the mechanisms that
regulate SNr and STN neuron activity. This may be relevant in the pro-
cess called “memory for dyskinesia” in which a single acute L-DOPA
Fig. 5. Effect of 6-OHDA lesion and L-DOPA treatment on the oscillatory activity of the STN and the cortex. (A) A recording track containing STN spikes, STN-LFP and ECoG from a neuron
that exhibited a regular ﬁring pattern (left), the most common neuron ﬁring pattern in the sham saline and sham L-DOPA groups. A recording track containing STN spikes, STN-LFP and
ECoG from a neuron that exhibited a bursting ﬁring pattern (right), the most representative neuron ﬁring pattern in the 6-OHDA saline and 6-OHDA L-DOPA groups. (B) On the left,
autocorrelograms showing the pattern of a non-oscillatory STN neuron (left) and the pattern of an oscillatory STN neuron (right). On the right, oscillatory pattern of STN neurons
expressed as a percentage of neurons. The oscillatory activity of STN neurons was signiﬁcantly higher in the 6-OHDA-lesioned groups (p b 0.01 for both groups vs their respective
controls, Fisher's exact test). (C) ECoG (left) and STN-LFP (right) power spectrum analysis in the 0–5 Hz frequency range in the sham saline, sham L-DOPA, 6-OHDA saline and 6-
OHDA L-DOPA groups. Area under the curve values that were obtained from power spectrum curves were used to analyse the power spectrum of the ECoG and STN-LFP in the
different groups. The 6-OHDA saline and 6-OHDA L-DOPA groups showed increased LFP power spectra when compared to the sham saline and sham L-DOPA groups, respectively.
Data are expressed as the mean ± S.E.M. #p b 0.05 versus sham saline (Bonferroni's post hoc test) and ***p b 0.001 versus sham L-DOPA (Bonferroni's post hoc test).
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elicit LID almost as severe as following establishment of LID (Nadjar
et al., 2009).
4.2. Correlation between STN and SNr neuron activities
The STN is the only excitatory glutamatergic nucleus of the BG and
occupies a prominent position in the hyperdirect and indirect pathways
(Obeso et al., 2008). As we have previously observed (Aristieta et al.,
2012) L-DOPA chronic treatment did not modify the STN ﬁring activity,
which, as expected, was found to be increased after DA denervation
(Bergman et al., 1994; Hassani et al., 1996; Vila et al., 2000; Magill
et al., 2001; Morera-Herreras et al., 2011; Aristieta et al., 2012). In addi-
tion, we found a positive correlation between STN and SNr basal ﬁring
rate values obtained from dyskinetic rats. The SNr activity is controlled
by a striatal inhibitory input and a subthalamic excitatory input. Accord-
ing to the functional model of BG, under normal conditions, there is an
equilibrium between these opposite inputs, while the loss of DA results
in a disinhibition of the indirect pathway, thereby resulting in a stronger
stimulatory input into the SNr. Along this line, it has been shown that
STN-deep brain stimulation increases the SNr ﬁring rate in PD patientswho are treated with L-DOPA (Galati et al., 2006). Moreover, STN
high-frequency stimulation in control rats inﬂuences the activity of
SNr cells through activation of their excitatory and inhibitory synaptic
afferent pathways aswell as antidromic activation of projection neurons
(Maurice et al., 2003). STN lesion signiﬁcantly reduces the proportion of
oscillatory units and increases the ﬁring rate on the SNr in 6-OHDA-
lesioned rats but not in healthy rats (Tseng et al., 2001, 2000). In line
with the assumption that L-DOPA administrationmodiﬁes the function-
al organization of BG, our results suggest that L-DOPA chronic treatment
after dopaminergic degeneration triggers a closer interaction of the STN
with the SNr.
4.3. SNr neuron oscillatory activity and synchronization
Several studies have revealed the expression of slowwave activity of
approximately 1 Hz frequency in the rat cortex, globus pallidus, STN and
SNr and an increased cortical/BG synchronization at this low frequency
after 6-OHDA (or the TTX) lesioning of the nigrostriatal pathway in ure-
thane anaesthetized rats (Magill et al., 2001; Parr-Brownlie et al., 2007;
Walters et al., 2007; Galati et al., 2009, 2010). In the same line, the
present results show slow frequency oscillatory activity in the SNr and
Fig. 6. Effect of 6-OHDA lesion and L-DOPA treatment on STN spike trains, STN-LFP and cortex. (A) Coherence power between the ECoG and STN spikes (converted into a continuous
waveform) that were simultaneously recorded in the sham saline, sham L-DOPA, 6-OHDA saline and 6-OHDA L-DOPA groups in the 0–5 Hz frequency range. Area under the curve
values obtained from coherence curves were used to analyse the ECoG/STN spikes coherence in the 0–5 Hz frequency range. The coherence between the ECoG and STN spikes was
increased in the 6-OHDA saline and 6-OHDA L-DOPA groups when compared to the sham saline and sham L-DOPA groups, respectively (upper). (B) Coherence power between the
STN-LFP and STN spikes (converted into a continuous waveform) simultaneously recorded in the different experimental groups in the 0–5 Hz frequency range. Area under the curve
values obtained from coherence curves were used to analyse the STN-LFP/STN spikes coherence in the 0–5 Hz frequency range. The coherence between the STN-LFP and STN spikes
was augmented in the 6-OHDA saline and 6-OHDA L-DOPA groups when compared to their respective control groups (upper). (C and D) Spike triggered waveform averages (STWAs)
that illustrate the relationship between the ECoG and STN spikes (C) and the STN-LFP and STN spikes (D), which were simultaneously recorded in the sham saline, sham L-DOPA, 6-
OHDA saline and 6-OHDA L-DOPA groups. The analysis of STWAs was made by measuring the peak to trough amplitudes in the different groups of rats. The peak to trough amplitude
value of ECoG/STN spikes STWA was signiﬁcantly higher in the 6-OHDA saline group when compared to the sham saline group (B upper), while in STN-LFP/STN spikes, the peak to
trough amplitude values of the STWA were increased in the 6-OHDA-lesioned groups compared to their respective control groups (D upper). Data are expressed as the mean ± S.E.M.
In (A) and (B), the horizontal dashed line indicates p = 0.05. @p b 0.05 versus 6-OHDA saline (Bonferroni's post hoc test), #p b 0.05, ##p b 0.01 and ###p b 0.001 versus sham saline
(Bonferroni's post hoc test), and ***p b 0.001 versus sham L-DOPA (Bonferroni's post hoc test).
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cated that the peak of synchronization between SNr spikes and SNr-
LFP or ECoG was found to be approximately 1 Hz, and SNr neuron dis-
charge happened near the peak of the ECoG and the trough of the LFP,
as shown previously by others (Belluscio et al., 2003; Meissner et al.,
2006; Galati et al., 2010). Following dopaminergic loss, there was an in-
crement in the proportion of SNr neurons showing low frequency oscil-
latory activity; however, no changes in the power spectra of SNr-LFP
and ECoG were shown, as previously described (Belluscio et al., 2003;
Meissner et al., 2006). Coherence between SNr neuronal activity and
SNr-LFP or ECoGwas enhanced following 6-OHDA lesion, corroborating
that the dopaminergic lesion augmented the synchronization between
these neuronal populations (Belluscio et al., 2003; Tseng et al., 2005;
Galati et al., 2010). Since cortical information is transmitted to the SNr
through several pathways this increased synchronization observed
after the 6-OHDA lesion may be consequence of complex interactions
between different neurotransmission circuitries. Indeed, it has beenreported that in parkinsonian rats both striatum and STN could be im-
plicated in the development of the abnormal rhythms observed in the
SNr (Murer et al., 1997; Tseng et al., 2000). In fact, the STWA analysis
also demonstrated that the synchronization between SNr spiking activ-
ity and SNr-LFP or ECoGwashigher after the 6-OHDA lesion because the
peak to trough amplitude was larger in the lesioned groups. In addition,
our results show that the oscillatory activity and synchronization pa-
rameters were not modiﬁed by prolonged L-DOPA treatment and only
slight changed by an acute challenge of L-DOPA. Nevertheless, when
therewas a change, it was an increment of the low frequency oscillatory
activity and synchronization. In prolonged L-DOPA treated groups, after
a challenge of L-DOPA, the power spectrum values of SNr-LFP and ECoG
were increased in the low frequency band (0–5 Hz). This is in agree-
ment with results obtained in PD patients where L-DOPA intake en-
hances the peak of STN-LFP low frequency oscillations (Alonso-Frech
et al., 2006; Giannicola et al., 2013). However, again, the reduced effect
we observed may be a result of general anaesthesia. It is interesting to
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sonism and anaesthetic (Jin et al., 2016), an increase in the coherence
between the motor cortex and the enteropeduncular nucleus in the
beta band has been shown in 6-OHDA lesioned rats chronically treated
or not with L-DOPA. Moreover, the acute L-DOPA challenge reduced the
beta oscillatory activity in both groups.4.4. STN neuron oscillatory activity and synchronization
We also detected low frequency oscillatory activity in STN neurons
and STN-LFP. The coherence analysis revealed that the peak of
synchronization between STN neurons and STN-LFP or ECoG was ap-
proximately 1 Hz, and STN neurons ﬁred near the peak of the ECoG
and the trough of the LFP, as has been previously described (Magill
et al., 2000; Parr-Brownlie et al., 2007;Walters et al., 2007). The propor-
tion of STN neurons showing low frequency oscillatory activity as well
as the parameters related to oscillatory activity and synchronization
were enhanced after 6-OHDA induced dopamine loss. Thiswas also sup-
ported by STWA analysis, which showed augmented synchronization
between STN spiking activity and STN-LFP or ECoG after the 6-OHDA le-
sion because the peak to trough amplitude was larger in the lesioned
groups (Parr-Brownlie et al., 2007). These results agree with the previ-
ously discussed studies performed after nigrostriatal degeneration,
where an increment in the low frequency oscillatory activity and syn-
chronization within the STN and between this nucleus and the motor
cortex has been described (see above). Nevertheless, as the power spec-
trum analysis indicates, only the oscillatory activity of STN neurons and
STN-LFP were increased after L-DOPA treatment. In human PD patients,
STN-LFP recordings showed that L-DOPA administration increased the
gammaoscillatory activity, when the patientswere developingdyskine-
sia (Alonso-Frech et al., 2006). It has also been described that the L-
DOPA challenge increases the gamma oscillatory activity of the motor
cortex recorded in freely moving 6-OHDA-lesioned rats (Halje et al.,
2012; Salvadè et al., 2015; Dupre et al., 2015). Nevertheless, low fre-
quency oscillatory activity has been related to parkinsonian symptoms
(tremor, rigidity and bradykinesia, see introduction). Our results indi-
cate that the main alterations of low frequency rhythms emerged
from dopaminergic degeneration. This might indicate that low frequen-
cy oscillatory activity is a neurophysiological substrate of parkinsonism,
while high frequency oscillatory activity may underline dyskinesia.5. Conclusion
Increased abnormal rhythms have been associated with PD symp-
toms (Quiroga-Varela et al., 2013); however, an incomplete under-
standing of the pathophysiology of PD remains a signiﬁcant barrier to
improving its treatment (Ellens and Leventhal, 2013). The present
study shows that in dyskinetic rats, the increased SNr neuron activity
may be related to the STN activity and correlates with AIMs. This
suggests that the BG output nuclei are associated with the adaptive
changes induced by dopaminergic degeneration and subsequent L-
DOPA treatment, which contribute to the development of LID. Addition-
ally, low frequency oscillatory activity and synchronization aremodiﬁed
after the 6-OHDA lesion, but not after chronic L-DOPA treatment. This
observation suggests that changes in SNr ﬁring activity seem to have a
role in LID development, while abnormal low frequency oscillatory
activity and synchronization inside the SNr and STN and between
these nuclei and the cortex may be principally related to PD symptoms.
Altogether, these results contribute to distinguishing between the
functional changes involved in parkinsonism from those related to
dyskinesia, which may be useful for developing speciﬁc strategies to
each parkinsonism stage.
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